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Abstract
Differences are seen in the adsorption of 1,2-di-iodobenzene, 1,3-di-iodobenzene, and 1,4-di-iodobenzene on graphite, as a function of exposure, using core level photoemission. The isomer 1,3-di-iodobenzene exhibits significant differences from 1,2-di-iodobenzene, and 1,4di-iodobenzene in apparent sticking coefficients and core level binding energies. 1,3-Di-iodobenzene adsorb on graphite at 110 K in a
strongly Stranski–Krastanov or Volmer–Weber (island) growth mode. The implication is that, even for small molecules adsorption, the
adsorbate dipole in the plane of surface and the choice of isomer may matter.
Keywords: halocarbon adsorption, halobenzenes, dipole interactions, adsorption kinetics

strate where the interactions with substituted benzene adsorbates
are weak, and very flat surfaces can be prepared with very few
steps. By avoiding surface steps we minimize the number of adsorbate interactions at step edges. The weak influence of the graphite
substrate with the adsorbate is important in suppressing adsorbate
dissociation, particularly as dehalogenation, seen with halogenated
benzene adsorption, occurs on many substrates [17–20], but does
not occur with initial halogenated benzene adsorption on some select metal [21–25] and nonmetallic substrates [26–28].

1. Introduction
For many large molecule adlayers, including a number of organic and metal–organic species, the energy level alignment of
the adsorbate with respect to a conducting substrate Fermi level
or adjacent layer chemical potential is dependent on the interfacial electronic structure and interfacial dipole layer, as has been
demonstrated for a number of molecules [1–3], including metal
(II) macrocyclic compounds (MPc) [4–12]. For metal (II) phthalocyanines adsorbed layers, the d-filling of the metal center atom is
seen to alter the molecular band offsets [6–9], and in the case of
the macrocyclic metal tetraazaannulenes (TMTAA), the d-filling of
the metal center atom alters the preferential molecular orientation
upon adsorption [12]. For the roughly spherical closo-carboranes,
a clear relationship is observed between the dipole moment of the
adsorbate and the alignment of the observed molecular orbitals
with respect the substrate Fermi level [3]. For smaller adsorbates,
like N2, similar effects are observed [13, 14], but the profound differences in substrate interaction tend to obscure the effect of the interface dipole itself. While the effects of the dipole moment along
the surface normal are expected [1–3, 15, 16], the possible role of
the in-plane dipole, the dipole of the adsorbate parallel with the
interface, is far less clear [16].
One way to test for effect due to the in-plane adsorbate dipole
is to compare the adsorption of planar molecules, with different dipole moments, on a substrate where the adsorbate interactions with
the substrate are weak. With this goal, we have investigated the adsorption of the three different isomers of di-iodobenzene (C6H4I2) on
graphite surface at 110 K. Graphite has several advantages as a substrate for in-plane adsorbate dipole interactions. Graphite is a sub-

2. Experimental
Di-iodobenzene adsorption was performed with the graphite substrates cooled to 110 K, where C–I bond scission is unlikely
[22–25], under ultra-high vacuum (UHV) conditions. The clean
graphite surface was characterized by core level X-ray photoemission (XPS), and combined valence band photoemission and inverse photoemission, as described elsewhere [29]. An Al Kα (ћω
= 1486.6 eV) was used for the XPS studies with the electrons collected along the surface normal and analyzed in a hemispherical SCIENTA SES-100 electron energy analyzer. Throughout this
work, the photon incidence angle was 45° off the surface normal.
Binding energies are referenced throughout to the C 1s binding
energy of the clean graphite surface at 284.3 + 0.1 eV. Curve fitting was performed with CasaXPS using a standard XPS Gaussian–Lorentzian asymmetric line profile.
The isomers 1,2 (ortho), 1,3 (meta), and 1,4 (para) di-iodobenzenes along with 1-bromo 4-iodobenzene were purchased from
Sigma–Aldrich. Each was introduced into the ultra-high vacuum
chamber through a standard leak valve. Exposures are noted in
2964
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Langmuirs (1 L = 1 × 10−6 Torr sec) and reported as measured, uncorrected for ionization gauge cross-sections, unless noted specifically otherwise.
3. Apparent sticking coefficients
With di-iodobenzene adsorption on graphite at 110 K, the benzene backbone contributes a new C 1s core level feature initially at
binding energies of 285.2 + 0.2 and 284.8 + 0.2 eV for 1,2 (ortho),
and 1,4 (para) di-iodobenzene, respectively, as shown in Figure 1.
In addition to the C 1s core level associated with graphite, there
is an adsorbate induced C 1s core level feature at 285.5 + 0.2 eV
binding energy with the initial exposure for 1,3 (meta), di-iodobenzene adsorbed on graphite at 110 K. For all of the different isomers, these core level binding energies increase with increasing

exposure and 1,2 (ortho), 1,3 (meta), and 1,4 (para) di-iodobenzene
coverage (Figure 1).
As indicated in Figure 2, the expected iodine 3d5/2 core level is
evident initially at a binding energy of 620.7 + 0.1 eV for all three
isomers, and like the di-iodobenzene induced C 1s core level contributions to the XPS spectra, also increases in binding energy
with increasing coverage, as discussed below. For submonolayer
coverages of 1,3 (meta), and multilayer coverages of 1,2 (ortho)
di-iodobenzene, a second I 3d5/2 core level is observed at binding
energies significantly greater than 622 eV, as discussed below. A
second I 3d5/2 core level peak is also observed for 1,4 (para) di-iodobenzene, but is a weak feature and more difficult to indentify
without the aid of core level photoemission line shape analysis.
From the attenuation of the distinct substrate graphite C 1s
core level at a binding energy of 284.3 + 0.1 eV, and the increase
of the iodine 3d5/2 core level signal intensities, we can make an
estimate of the apparent di-iodobenzene coverages. Fitting that
assume a uniform growth model, have been assumed, as noted
elsewhere, as indicated in Figure 3. For these estimates we assume that the electron mean free path for photoelectrons emitted
from the C 1s core edge to be about 11 Å [30], and may be longer given that the molecular overlayer is insulating providing no
plasmon decay mechanisms for inelastic scattering. These simplified assumptions yield an apparent sticking coefficient of 0.178 for
1,2-di-iodobenzene, 0.0385 for 1,3-di-iodobenzene, and 0.049 for
1,4-di-iodobenzene.
These sticking coefficients S assume the linear relation between
the exposure x and coverage y:
y = (S/q) × (x/x0)

Figure 1. The X-ray photoemission spectra in the region of the C 1s
from (a) 1,2-di-iodobenzene, (b) 1,3-di-iodobenzene, (c) 1,4-di-iodobenzene adsorbed on graphite at 110 K, for different exposures. Black
curves represent the photoemission spectra and thin lines indicate the
various components of spectra, modeled using a standard XPS Gaussian–Lorentzian asymmetric line profile. The feature (component) at
284.3 eV binding energy can be assigned to the substrate graphite.
Coverages are indicated assuming the same initial sticking coefficient
for each isomer (see text) as well as the apparent coverage based on
the fittings to the attenuation of the substrate signal (see text), denoted
in the brackets.

where x0 is the exposure needed to form one monolayer of coverage (roughly 8 × 1018 molecules/m2) and q is the ratio of adsorbate
ionization cross-section to that of N2. We have assumed that in fact
the ionization gauge cross-section of di-iodobenzene is likely to
be much higher than for nitrogen; for example toluene ionization
gauge cross-section is 6.4 times greater than nitrogen [31] while
benzene has an ionization gauge cross-section that is a factor of
3.5 [31] to 5.7 [32] greater than nitrogen. Based on the ionization
cross-sections of these similar molecules, we have assumed that
the ionization gauge sensitivities for di-iodobenzenes are in the region of q = 6, though higher values might well be possible.
The actual sticking coefficients, as opposed to the apparent molecular sticking coefficients computed based on a uniform layer-bylayer growth model, may be approximately the same for all three

Figure 2. The X-ray photoemission spectra in the region of the iodine 3d5/2 from (a) 1,2-di-iodobenzene, (b) 1,3-di-iodobenzene, (c) 1,4-di-iodobenzene adsorbed on graphite at 110 K, for different exposures. Black curves represent the photoemission spectra and thin lines indicate the various
components of spectra, modeled using a standard XPS Gaussian–Lorentzian asymmetric line profile. Coverages are indicated assuming the same
initial sticking coefficient for each isomer (see text) as well as the apparent coverage based on the fittings to the attenuation of the substrate signal
(see text), denoted in the brackets.
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Figure 3. The intensity of graphite substrate core level C 1s feature,
at 284.3 eV binding energy, as a function of exposure to (+) 1,2-di-iodobenzene, (■) 1,3-di-iodobenzene, (▲) 1,4-di-iodobenzene, in Langmuirs (1 L = 1 × 10−6 Torr sec), with pressures and plotted exposures
uncorrected for ionization gauge cross-section(s).

Figure 5. The X-ray photoemission I 3d5/2 core level binding energies
for (■, ♦) 1,2-di-iodobenzene, (+, ×)
+ 1,4-di-iodobenzene, (▲, ▼) 1,3-diiodobenzene as a function of coverage. Coverages are nominal coverages based on the attenuation of the graphite substrate C 1s core level
feature at 284.3 eV binding energy (see text).

isomers of di-iodobenzene. There is a strong similarity in the initial decay of the graphite substrate intensities for all three isomers
with initial di-iodobenzene exposure from 0 L to 10 L, as indicated
in Figure 3. Thus the overall sticking coefficients of all of the di-iodobenzene isomers may, in fact, be similar to that of 1,2-di-iodobenzene, which exhibits the highest sticking coefficient overall and the
behavior that most closely resembles layer-by-layer growth. The
correspondences between the nominal coverage and the measured
exposure are 1 monolayer (ML) corresponding to 8 L for 1,2-di-iodobenzene, 1 ML corresponding to 37 L for 1,3-di-iodobenzene, and
1 monolayer corresponding to 29 L for 1,4-di-iodobenzene, with the
apparent sticking coefficients abstracted from the decrease in substrate signal and stated pressures and exposure, as measured and
uncorrected for ionization gauge cross-section.
In fact, only 1,2 (ortho) di-iodobenzene exhibits the exponential decay of the graphite substrate signal that is characteristic of
uniform growth of the molecular overlayer (Figure 3). For the isomers 1,3- and 1,4-di-iodobenzene, the decay of graphite intensities does not follow the expected exponential decline in intensities after 10 L (as measured and uncorrected for ionization gauge
cross-section). This behavior indicates that the isomers 1,3- and
1,4-di-iodobenzene molecular films adopt a Stranski–Krastanov
or Volmer–Weber (island) growth mode, as discussed in greater
detail below. A Stranski–Krastanov or Volmer–Weber growth
mode results in an apparent sticking coefficient and a concomitant

apparent coverage that may, in fact, be much smaller than the real
or true sticking coefficient as measured by our techniques.
The strong tendency to adopt a Volmer–Weber (island) growth
mode for meta 1,3-di-iodobenzene adsorption on graphite at 110 K
is evident in the C 1s core level binding energies and the iodine
3d5/2 core level binding energies plotted as a function of apparent coverage, in Figures 4 and 5, respectively. While the core level
binding energies for 1,2 (ortho), and 1,4 (para) di-iodobenzene are
very similar when rescaled according to apparent coverage (not
exposure), 1,3 (meta) di-iodobenzene remains distinctly different, with far greater core level binding energies. The possibilities
for the differences in the observed core level binding energies between the various isomers are limited. In a sense, it is clear that
para 1,4-di-iodobenzene has far more uniform initial growth of
the molecular film (as indicated in Figure 4, although not as uniform as 1,3-di-iodobenzene, as indicated in Figure 3), and thus follows a Stranski–Krastanov growth mode, and tends not to grow
in a more extreme island growth mode that would more resemble
the Volmer–Weber growth mode as appears to be the tendency for
meta 1,3-di-iodobenzene (Figures 4 & 5).
The least likely scenario is that there is distinctly different adsorption chemistry that occurs for 1,3 (meta) di-iodobenzene compared to 1,2 (ortho), and 1,4 (para) di-iodobenzene adsorption on
graphite; our model density functional theory calculations provide
no indication that this would or should be the case. Intermolecular
interactions and different growth modes that vary with isomer are
therefore the most likely origin of the differences observed for 1,3
(meta) di-iodobenzene compared to 1,2 (ortho), and 1,4 (para) diiodobenzene adsorption on graphite at 110 K.
4. Screening

Figure 4. The X-ray photoemission C 1s core level binding energies
for (▼) 1,2-di-iodobenzene, (+, ▲) 1,3-di-iodobenzene, (+
×) 1,4-di-iodobenzene as a function of coverage. Coverages are nominal or apparent
coverages based on the attenuation of the graphite substrate C 1s core
level feature at 284.3 eV binding energy (see text). The common graphite substrate core level C 1s binding energy, at 284.3 eV (■), is shown
for reference.

For 1,3-di-iodobenzene, the coverage dependent XPS spectra
show very large shifts in both the C 1s and I 3d core level features,
as we have indicated. These increases in core level binding energies of ~3 eV or more are far greater than core level shifts observed
for 1,2- and 1,4-di-iodobenzene (Figure 4 and Figure 5). Since dissociative chemisorption can be excluded in all of the adsorption
systems we describe here, such large core level shifts can only result from strong intermolecular interactions or decreased screening from the graphite substrate, resulting in larger photoemission
final state binding energies [33–37].
The increases in the C 1s core level binding energy with increasing adsorbate coverages are certainly consistent with decreasing final state screening of the adsorbate molecular layers
with increased multilayer growth [35–37]. In addition, di-iodobenzene residing in a molecular multilayer could well provide a sec-
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ond iodine 3d5/2 core level photoemission feature at a significantly
higher binding energy as is observed for ortho 1,2- and meta 1,3di-iodobenzene (Figure 2). This additional I 3d core level feature
is only apparent at coverages greater than nominally one monolayer or approaching one nominal monolayer for ortho 1,2-di-iodobenzene and meta 1,3-di-iodobenzene. The two I 3d core level
features for ortho 1,2- and meta 1,3-di-iodobenzene adsorption appear too close in binding energy to be attributable to the spin–orbit I 3d3/2 and I 3d5/2 companions individually [38–41].
Accordingly, we can partially (but not completely) attribute these different I 3d5/2 core level features to the differences
in screening between the monolayer (with the I 3d5/2 core level
binding energies appearing at 620.7 ± 0.1 eV to 621.3 ± 0.4 eV in
the case of ortho 1,2-di-iodobenzene) and multilayer growth of
1,2-di-iodobenzene (622.2 ± 0.3 eV binding energy). This explanation is, however, incomplete. The iodine 3d5/2 core level photoemission feature that is initially observed at a binding energy of
620.7 ± 0.1 eV for all three isomers, increases in both intensity and
binding energy for all three isomers with increasing di-iodobenzene coverage, as indicated in Figure 2 and Figure 5. This change
in the initial I 3d5/2 core level binding energy, with increasing diiodobenzene coverage, is not the expected behavior of a core level
feature whose origin arises solely from molecules restricted to the
interface of a molecular film of increasing thickness.
The most dramatic changes observed for the I 3d5/2 core level
binding energies are seen with 1,3-di-iodobenzene on graphite at
110 K. These binding energy shifts include the component of the
I 3d5/2 core level that is initially observed at a binding energy of
620.7 ± 0.1 eV. There is thus a need to invoke intermolecular interactions that can include intermolecular screening [11, 42], chemical shifts due to intermolecular hybridization [43], as well as final
state effects attributable to screening from the substrate [33, 34].
If the I 3d feature observed at a binding energy of 620.7 ± 0.1 eV
for all three isomers is solely attributable to the first molecular
monolayer, then we should see the decrease in intensity for emission from this lower binding energy feature simply because the
photoemission intensities for the first layer should decrease as it
is buried beneath the additional adsorbed multilayers. The significant shifts in core level binding energy observed for all the components of the I 3d core level observed in XPS, for the meta 1,3-diiodobenzene (Figures 4 & 5), while very little coverage dependent
changes are seen for para 1,4-di-iodobenzene, tend to implicate
the existence of very strong intermolecular interactions and/or
the chemical shifts.
The shift in the I 3d5/2 core level binding energy partially attributed to the first monolayer is likely partly due to interface dipole changes [44], and changes in the dipole layer interaction as
the film thickness increases. We cannot assign one of the di-iodobenzene I 3d5/2 core level features to simply a well screened interface molecular species because of the coverage dependent binding energies and intensity increases. These issues and the presence
of two distinct peaks in the I 3d5/2 core level photoemission spectra require consideration of intermolecular interactions and/or the
chemical shifts with the growth of the molecular film.

As just noted, the shift towards increasing binding energies for
the two I 3d5/2 features observed for meta 1,3-di-iodobenzene are
very significant (Figure 5), with the feature at greater binding energies exhibiting even greater increases in binding energy with increasing 1,3-di-iodobenzene coverages. These strong differences
for the two I 3d5/2 features observed for meta 1,3-di-iodobenzene
adsorption suggest strong intermolecular interactions, in addition
to the effect of the substrate on final state photoemission screening and molecular polarization [33–36]. Some of the similar observations based on the C 1s core level spectra (Figure 4) also are
consistent with the need to invoke intermolecular interactions particularly for meta 1,3-di-iodobenzene.
As noted in the prior section, meta 1,3-di-iodobenzene isomer
adopts a growth mode on graphite at 110 K very close to Volmer–
Weber growth. Such a growth mode is consistent with the huge
core level binding energy shifts, and the persistence of the graphite C 1s core level 284.3 ± 0.1 eV binding energy feature even when
the iodine 3d5/2 features for meta 1,3-di-iodobenzene are of very
significant intensities. At similar at iodine 3d5/2 intensities for 1,2and 1,4-di-iodobenzene the graphite C 1s core level intensities
are quite weak. Intermolecular interactions are necessary to explain the strongly coverage dependent multiple iodine 3d5/2 and
C 1s core level features at widely different binding energies and
the tendency for strongly island like molecular thin film growth
of the meta 1,3-di-iodobenzene adlayer. Such intermolecular interactions may actually have an origin in the frontier orbitals of
di-iodobenzene, and thus may be partly related to geometrical
considerations.
5. Geometry effects in di-iodobenzene packing
It is important to exclude simple statistical differences in the
molecular packing of the different di-iodobenzenes. Geometry
of molecular packing can play an important role in substituted
arene adsorbate interactions [44–46]. Isomeric effects have been
observed with halogenated benzenes due to substrate interactions [45] and intra-molecular substituent proximity effects [25],
but strong intermolecular interactions are to be expected as well
[46].
Because of the difference in the relative positions of two iodine
molecules in each isomer, each isomer must have certain preferential directions favored for adoption in the adsorption process.
From purely geometrical point of view, we have calculated the
number of possible ways the crystal can be arranged in the periodic manner without forming I–I bond between adjacent molecules for 1, 2, and 3 molecules per basis (molecular building block
aggregate), considering a close packed geometry of di-iodobenzenes (Table 1) as well as 1, 2, and 3, and 4 molecules per basis
(molecular building block aggregate) with pair-wise hydrogen
bonding (Table 2). Other planar packing geometries for di-iodobenzenes and like molecules are possible, but these two types of
packing geometries are illustrative of the overall role of geometry. Both of these packing geometries for the di-iodobenzenes are
schematically illustrated in Figure 6.

Table 1. The result of geometrical analysis of crystal formation, assuming a close packed geometry, for each isomer of di-iodobenzene. The number
of possible arrangements is listed for each unit cell specified the number of molecules and possible “holes” (see text). See Figure 6a and b for the
depiction of packing geometries with no “hole” and with a hole in the unit cell lattice respectively.
Number of molecules per basis

1

2

3

Structure

CP

CP

1 hole

Total

CP

1 hole

2 holes

Total

Number of lattice-basis combinations
1,2
1,3
1,4

1
1
0
1

1
20
8
17

1
15
18
12

2
35
26
29

3
56
5
156

2
72
72
80

1
64
72
80

6
192
149
316
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Table 2. The result of geometrical analysis of crystal formation assuming pair-wise hydrogen interactions, for each isomer of di-iodobenzene. The
number of possible arrangements is listed for each unit cell specified the number of molecules and possible “holes” (see text). See Figure 6c and d
for an indication of the overall packing geometries with no “hole” and with a hole in the unit cell lattice respectively.
Number of molecules per basis

1

2

3

Structure

CP

CP

1 hole

Total

CP

1 hole

2 holes

Total

Number of lattice-basis combinations
1,2
1,3
1,4

1
1
1
0

1
22
22
8

1
24
27
24

2
46
49
32

3
246
246
48

2
188
196
256

1
120
142
128

6
554
584
432

Number of molecules per basis

4

Structure

CP

1 hole

2 holes

3 holes

4 holes

Total

Number of lattice-basis combinations
1,2
1,3
1,4

5
1556
1612
1056

4
1592
1848
1568

4
1980
2218
2304

2
1248
1488
1408

2
1216
1488
1408

17		
7592		
8654		
7744

Figure 6. The depiction of (a) close packed and (b) corresponding onehole structures indicating some of the packing arrangements considered in Table 1 as well as a depiction of (c) the pair-wise dense but
not close packed and (d) corresponding one-“hole” structures that are
among some of the possible unit cell packing structures considered in
Table 2.

Since the number of possible arrangements for certain molecule could be closely related to the probability of sticking, we have
calculated the overall number of possible packing arrangements
assuming that the molecules are arranged in the ideal Bravais lattice, but without considering the possible rotational symmetries
with respect to the substrate. Although imposing this assumption may not be perfectly valid for the real crystal, by considering
up to 4 molecules per basis we increase the periodicity of Bravais
lattice, though each molecule in planar (two-dimensional) group
may and will not preserve the Bravais lattice relaxing the overall
constraints.
Let us begin our consideration of the statistical role of the planar
packing geometrical effects with the more close packed arrange-

ment of molecules (Figure 6a & b). The result of these simple summations of possible packing arrangements is shown in the Table 1.
If the in-plane packing is completely close packed, the meta 1,3-diiodobenzene cannot form a Bravais lattice, and this alone may favor
growth or a more “vertical” molecular structure than an “in-plane”
close packed structure. As indicated in Table 1, this tendency appears to hold well for unit cells with planar arrangements that contain 2 and more molecules, unless there is a “hole” in the packing
arrangement, as indicated in Figure 6b. A hole in the unit cell lattice
would be tantamount to “inverse” Volmer–Weber growth.
For greater completeness, we have also considered an in-plane
packing of di-iodobenzenes based on pair-wise hydrogen interactions (Figure 6c & d). From Table 2, it can be easily surmised that
1,4-di-iodobenzene is generally least likely to form a pair-wise
packing structure with any number of molecules per basis and
prefers to form the periodic structure with the unfilled holes left
on the layer. For the meta 1,3-di-iodobenzene, the total number of
possible packing arrangements is the highest among all the isomers (in our analysis for up to 4 molecules per basis), when considering a pair-wise packing structure, but in general (not always)
this is a result of the fact that the available packing arrangements
for meta 1,3-di-iodobenzene is very high when one allows for
“holes” in the unit cell lattice. For example, since the probability
of forming the structure with holes (not immediately close packed
in a two-dimension grouping) is high for the meta 1,3-di-iodobenzene, this could enhance the tendency for this isomer to form “inverse” islands, that is to say “holes” in the molecular film.
These geometrical packing models suggests that the probability of the sticking is highest for 1,3-di-iodobenzene when there is
either “inverse” Volmer–Weber growth, i.e. “holes” in the molecular unit cell, or there is island growth (more conventional growth
that resembles Volmer–Weber growth). Although both meta 1,3and para 1,4-di-iodobenzene exhibit the departure from a pure exponential decay of the substrate graphite intensities, with increasing film growth, just the available number of packing possibilities
for the various isomers may play some role in the difference in
their sticking coefficients.
From the graphite core level intensities, the apparent sticking
coefficients of three isomers (uncorrected for the growth mode)
rank from largest to smallest, ortho 1,2-di-iodobenzene, para
1,4-di-iodobenzene, to meta 1,3-di-iodobenzene supporting the
conclusion that 1,3-di-iodobenzene grows in a mode that more
closely resembles Volmer–Weber growth. Because of the growth
mode that tends strongly towards Volmer–Weber island growth
or “inverse” Volmer–Weber growth, containing a high density of
“holes”, meta 1,3-di-iodobenzene appears to exhibit much smaller
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Figure 7. A schematic representation of different pair-wise arrangements of ortho 1,2-di-iodobenzene on graphite. For the purposes of this schematic, one molecule is placed in registry with the graphite substrate, and for the six possible pair-wise arrangements, only half allow the second
di-iodobenzene to remain in registry with the substrate. A largely σ-bonding electron cloud has been chosen for this schematic (see text).

sticking coefficient, smallest in three isomers, based in part on the
exponential curve fitting from the decreasing substrate intensity.
This low apparent sticking coefficient may not be representative
of the true sticking coefficient whose value, as suggested by our
geometrical models, may in fact be larger than for the other isomers. In fact, strong intermolecular interactions must still be invoked to explain the significant differences in the growth mode
and coverage dependent core level binding energies observed for
meta 1,3-di-iodobenzene compared to that seen for 1,2- and 1,4-diiodobenzene. Geometrical effects alone cannot be used to explain
all of core level binding energy results. The phenyl coupling reaction indicates that substituted meta (1,3) iodobenzenes do have
strong intermolecular interactions [46].
These geometrical considerations (just discussed above) do not
consider the graphite substrate and possible registry of the di-iodobenzene with the substrate. Such substrate interactions that
would favor registry with the graphite substrate would likely occur through the arene π molecular orbitals. The spacings between
di-iodobenzene molecules are dominated by the frontier σ molecular orbitals. The actual adsorbate size and spacing between di-iodobenzene will depend upon the intermolecular interactions and
relative orientations, but as seen in Figure 7 for 1,2-di-iodobenzene, only a few pair interaction would be likely to allow adjacent
di-iodobenzene molecules to remain in registry with the graphite
substrate. In fact, with a two-dimensional space filling packing arrangement, not all di-iodobenzene molecules can be placed in registry with the graphite substrate. Such registry possible with the
graphite substrate comes from superlattice periodicity, and this
in turn depends on the packing arrangement adopted by the didiodobenzene. Without a two-dimensional space filling packing
arrangement, more di-iodobenzene adsorbate registry with the
graphite substrate is certainly possible. Structural studies, such as
scanning tunneling microscopy, are indicated to resolve these local intermolecular structural issues.
6. Isomer effects versus dipole interaction
In fact, each isomer of di-iodobenzene exhibits a different electric dipole in the plane of the benzene ring. We have strived to

distinguish between intermolecular interaction caused by the different arrangements of substitutions, possible as indicated by the
geometrical considerations just discussed previously, and possible dipole effects that are not simply a result of different substitution geometries. In an effort to explore a distinction between these
two effects, we have compared para 1,4-di-iodobenzene with 1bromo,4-iodobenzene. These two molecules have similar geometric substitutions, but the latter has a small net electric dipole in the
plane of the benzene ring due to differences in the halogen substitutions while the former has no net electric dipole moment. It
must be understood at the outset that an assignment of intermolecular interactions to one single effect alone is not possible and
any attempt to do so is very open to many criticisms. Of course
the substitution geometries and electric dipole magnitudes are interlinked, as are many other phenomena.
Despite the identical positions of halogen substitution, these
two molecules exhibit very distinct apparent sticking coefficients.
The apparent sticking coefficient for 1,4-di-iodobenzene (as noted
previously) was found to be 0.049 while the value is 0.13 for 1bromo, 4-iodobenzene, as estimated by the diminution of graphite
substrate intensities (Figure 8) and based again on assuming that

Figure 8. The intensity of graphite substrate core level C 1s feature, at
284.3 eV binding energy, as a function of exposure to (▲) 1,4-di-iodobenzene and (+
×) 1-bromo, 4-iodobenzene in Langmuirs (1 L = 1 × 10−6
Torr sec), with pressures and plotted exposures uncorrected for ionization gauge cross-section(s).
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the ionization gauge sensitivities to di-iodobenzenes are in the region of q = 6, though higher values again might well be possible. As
seen in Figure 8, the decay in substrate intensities more closely fits
an exponential profile for 1-bromo, 4-iodobenzene than is the case
for 1,4-di-iodobenzene adsorption on graphite at 110 K. This is particularly true for exposures greater than 10 L (uncorrected for ionization gauge cross-section). Indeed, the apparent sticking coefficient of 0.13 for 1-bromo, 4-iodobenzene approaches the value of
0.178 noted for 1,2-di-iodobenzene. For the nominal apparent 1 M
coverage, there is a contrast between the associated measured exposure of 29 L for 1,4-di-iodobenzene and the corresponding 11 L exposure associated with 1-bromo, 4-iodobenzene, based on the calculated apparent sticking coefficients but uncorrected for growth
mode. These results tend to indicate that 1-bromo, 4-iodobenzene
adsorption on graphite more closely resembles the layer-by-layer
growth mechanisms of 1,2-di-iodobenzene than the Volmer–Weber
(island) growth mode adopted by 1,3-di-iodobenzene on graphite.
The C 1s spectra of 1-bromo, 4-iododobenzene characterized initially by two peaks at 284.7 ± 0.2 eV and 286.1 ± 0.2 eV are apparent with the initial exposure of 10 L, as seen in Figure 9. The lower
binding energy feature of 1-bromo, 4-iododobenzene is close to
the di-iodobenzene adsorbate C 1s feature at a binding energy of
284.8 ± 0.2 eV observed with the initial adsorption of both 1,4-diiodobenzene and 1,2-di-iodobenzene on graphite, as noted previously. The higher binding energy feature is not entirely unexpected
given that bromine has a much higher electron affinity than iodine.
The increase in binding energy of the 1-bromo, 4-iododobenzene C 1s core level feature at 284.7 ± 0.2 eV with increasing coverage resembles that observed for 1,2-di-iodobenzene, as summarized in Figures 10 & 4, respectively. These results combined
all indicate that the growth mode of 1-bromo, 4-iododobenzene approaches a layer-by-layer growth mode far better than
we observe for 1,4-di-iodobenzene adsorption on graphite. The
implication is that intermolecular interactions of 1-bromo, 4-iododobenzene are likely more similar to that of 1,2-di-iodobenze
than 1,4-di-iodobenzene.

Figure 9. The X-ray photoemission spectra in the region of the C 1s
from (a) 1,4-di-iodobenzene, (b) 1-bromo, 4-iodobenzene adsorbed on
graphite at 110 K, for increasing exposures and coverages. Black curves
represent the photoemission spectra and thin lines indicate the various components of spectra, modeled using a standard XPS Gaussian–
Lorentzian asymmetric line profile. The common feature (component)
at 284.3 eV binding energy can be assigned to the graphite substrate.
Coverages are indicated assuming the same initial sticking coefficient
for each isomer (see text) as well as the apparent coverage based on
the fittings to the attenuation of the substrate signal (see text), denoted
in the latter case in brackets.
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Figure 10. The X-ray photoemission C 1s core level binding energies for (+
×) 1,4-di-iodobenzene and (▲, ▼) 1,4-bromoiodobenzene as
a function of coverage. Coverages are nominal or apparent coverages
based on the attenuation of the graphite substrate C 1s core level feature at 284.3 eV binding energy (see text). The common graphite substrate core level binding energy C 1s binding energy, at 284.3 eV, (■) is
shown for reference.

Figure 11. The X-ray photoemission spectra in the region of the iodine
3d5/2 from (a) 1,4-di-iodobenzene, (b) 1-bromo, 4-iodobenzene adsorbed on graphite at 110 K, for increasing exposures and coverages.
Black curves represent the photoemission spectra and thin lines indicate the various components of spectra, modeled using a standard
XPS Gaussian–Lorentzian asymmetric line profile. Coverages are indicated assuming the same initial sticking coefficient for each isomer
(see text) as well as the apparent coverage based on the fittings to the
attenuation of the substrate signal (see text), denoted in the latter case
in brackets.

As indicated in Figure 11, the iodine 3d5/2 core level photoemission peaks for initial 1-bromo, 4-iododobenzene adsorption on graphite at 110 K were observed at 620.8 ± 0.2 eV and
622.5 ± 0.2 eV at 10 L exposure (uncorrected for ionization gauge
cross-section). The smaller binding energy I 3d feature for 1bromo, 4-iododobenzene adsorbed on graphite (Figure 11) does
resemble the initial I 3d5/2 binding energy feature observed at
620.7 ± 0.1 eV at 1,2-di-iodobenze (Figure 2). There are greater increases in the iodine 3d5/2 core level photoemission binding energies with increasing coverages and exposure to 1-bromo, 4-iododobenzene, than were observed for 1,4-di-iodobenzene, as seen
in Figure 11 and summarized in Figure 12. These more dramatic
increases in the iodine 3d5/2 core level photoemission binding energies for increasing coverages of 1-bromo, 4-iododobenzene (Figure 12) on graphite resemble that observed for 1,3-di-iodobenzene (Figure 5). While this might appear to be difficult to reconcile
with a growth mode that approaches layer-by-layer growth for 1bromo, 4-iododobenzene adsorption on graphite, we recognize
that the frontier orbitals for iodine extend farther from the benzene
molecular backbone than is the case of bromine. The large shifts in

Isomeric
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(C 6 H 4 I 2 )
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Figure 12. The X-ray photoemission I 3d5/2 core level binding energies
for (+
×, ×) 1,4-di-iodobenzene, (▲, ▼) 1,4-bromoiodobenzene as a function of coverage. Coverages are nominal or apparent coverages based
on the attenuation of the graphite substrate C 1s core level feature at
284.3 eV binding energy (see text).

the I 3d core level spectra indicate that the dipolar interactions between molecules do lead to some of the apparent chemical shifts.
The spatial extent of frontier molecular orbitals (i.e. the “electron
cloud”, as schematically indicated in Figure 7) of bromine differ
from those molecular orbital with strong iodine weight and likely
contribute to some of the effects observed.
The overall results imply the in-plane molecular dipoles do affect the growth mode of the molecular film and intermolecular interactions. The loss of symmetry from C2v, to C1h, an adsorbed molecule with only one mirror plane, is a complication that can not be
excluded from this comparison of 1,4-di-iododobenzene with 1bromo, 4-iododobenzene adsorption on graphite. Although 1,4-diiododobenzene has a point group symmetry of D2h as a free molecule, the dihedral mirror plane symmetry is lost with adsorption,
i.e. there is a symmetry reduction for an adsorbed molecule to two
mirror planes and the C2 rotation operation, even without consideration of the site and symmetry of the substrate. As has been seen
here in the comparison of 1-bromo, 4-iodobenzene with 1,4-di-iodobenzene, the suggestion that benzene substitutions have an effect on the intermolecular interactions may also be evident in the
comparison of fluoroiodobenzene isomers with iodobenzene and
iodotoluene adsorption on Cu(1 1 1) [46]. In the case of the latter
study symmetry effects must play a much diminished role in adsorption as the overall molecules symmetries are low for all of the
adsorbates studied.
7. Summary
In the case of di-iodobenzene adsorption on graphite, as reported here, and the adsorption of fluoroiodobenzene adsorption
on Cu(1 1 1) [46] and chlorobenzenes on Si(1 0 0) [45], reported
previously, it is very clear that the choice of isomer does affect the
adsorption and desorption of the adsorbate. In the case of di-iodobenzene adsorption on graphite, there are clear indications that
the isomer not only affects the intermolecular interactions significantly, but also affects the growth mode. Some of this influence of
the choice of isomer must be attributed to the in-plane electric dipole, as indicated by the comparison with 1-bromo, 4-iodobenzene,
but it cannot be dipole interactions alone that influence the intermolecular interactions as meta 1,3-di-iodobenzene deviates from a
layer-by-layer molecular growth mode more than we observe for
both para 1,4-di-iodobenzene and ortho 1,2-di-iodobenzene.
Clearly what is indicated is the need for future studies in which
atomic resolution atomic force microscopy is combined with photoemission, so that detailed information on growth and electronic
structure may be simultaneously compared, as in studies of the
large aromatic planar molecular species [47, 48].
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